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REDUCTION OF LIFT OF A WIlTff DUE TO ITS DRAG* 

By 3 . Stuper 

In his expositions, Professor A, Betz had already es- 
tablished 'the methods available now for the calculation, of 
wing charac t eristics* The work l)f Eutta and others , per- 
t icularly the introduction of t he circulation concept , 
made it possible to compute the lift of a wing. Inasmuch 
as the potential theorems resorted to, disregarded the 
f r ict ion , it precluded the inclusion of the wing proper- 
ties induced by friction. This resulted in a discrepancy 
between theory and measurement • The first experiments in 
this direction were tho se by professor Betz in 1915 with a 
J oukowski airfoil mounted between two parallel walls (ref*- 
erence l). His recorded lift obtained to only 70 percent 
of the theoretical figure. 

A further step in the explanat ion of the effect of 
drag on the lift was that by 0. Wiesel sberger (reference 2) 
with his investigations of the effect of varying friction 
due to changes in roughness on the lift . It being impossi- 
ble at that t ime to make any quantitative predictions re- 
garding friction layers, no theoretical experiments with a 
view to the effect of drag on the lift could be undertaken. 
This palpable gap was clo sed by 1, Gruschwit z in his calcu- 
lation of the turbulent friction layer with pressure rise 
and pressure drop (reference 3). 1931 then saw the publi- 
cations by Miss <I . Xotz and Professor Betz, regarding the 
reduction of the lift of a wing by its drag (reference 4), 
In connection with this work the calculations were made 
which form the subject of this report . The analysis is, 
briefly, as follows: 

Compute for a predetermined airfoil and given Reynolds 
STumber the course of the "displacement thickness," i.e., 
the course of the layer by which the streamlines of the 
potential flow are pushed away from the wing through the 
f r let ional layer • The result is, to a certain extent, a 
new wing contour. This contour is conformably transformed 
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in the plane in which the original wing contour is a cir- 
cle • The new contour may "be derived from the old one by- 
assuming adequately chosen sources and sinks on the wing 
contour or circle. Owing to the unsymmet r ical position of 
the sources and sinks on the circular contour, the rear 
stagnation point is displaced, and to return it to its old 
position the circulation, and through it the lift, must be 
reduced. 

The calculation proceeded on the basis of a Joukowski 
airf oil , .which rendered the distribution of the velocity 
or pressure quite simple. The following angles of attack 
were chosen: -4°, -2*, 0° , 2°, 4°, and 6°. 

The calculation of the fractional layers is in two 
parts: the determination of the laminar entrance zone and 
determination of the turbulent friction layer. 

The first may be effected by Pohlhausen 1 s approximat- 
ion method (reference 5). He approached the velocity 
profiles of the laminar friction layer through a four*- term 
polynome , and defined the coefficients by means of the 
boundary conditions and the momentum theorem. In this 
manner he obtained the distribution of the friction layer 
thickness in form of a differential equation, which may be 
used to calculate a- directional field from the predeter- 
mined velocity distribution. Figure 1 is an illustrative 
example. The solution curve starts at a singular point 
which may be computed from the velocity gradient in the 
stagnation point. The determination of. the point of tran- 
sition from laminar to turbulent is still very uncertain. 
The only available reference is found in G-ruschwit z 1 s re- 
port; transition takes place when the Reynolds Fumber 

V 

(tf(x) ™ velocity of potential flow, &(z) " momentum 
growth of frictional layer) reaches the value 650. From 
U(x) and &(x) *k® location of the transition point can 
be determined for different Reynolds Numbers S = 

(TJ co = undisturbed air stream, t ~ wing chord) (figs. 2 
and 3) • - 

The turbulent part was established at R = 7 X 10 s , 
while the laminar friction layers could be computed for 
any Reynolds Humber* The calculation of the turbulent 
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friction layer, according to Srusehwitz is, in contrast to 
that of the laminar part , quite simple. Poregoing the de- 
tails of his report, we attempt to prove the essential 
features on an example (fig. 4). The predetermined pres- 
sure distribution affords a "polar" (the points denoted 
by + in fig. 4) for each abscissa x. The solution curve 
■iimst he so plotted that the tangent at each point % 
passes through the corresponding polar. The effect of pro- 
file curvature also enters into the determination of the 
polars, according to an unpublished report "by Schmidbauer . 
Prom the course of the friction layers the distribution of 
the displacement thickness along the profile can he ob- 
tained by extrapolation (fig. 5). The new contour is con- 
formably transformed in the plane in which the original 
contour is a circle (fig. 6); the distance between circle 
and the new contour is considerably exaggerated. Then we 
plot sources on the circular contour* one sink with one 
half the total yield of the sources in the center of the 
circle j another sink at infinity. 

The strength distribution of the sources may be ef- 
fected in two ways: The stream function may be determined, 
whereby the source distribution is expressed in Fourier 
series with temporarily unknown coefficients, and the co- 
efficients are so computed that the predetermined contour 
becomes streamlined. This method is quite cumbersome - a 
much more simple way is the following: Compute -the veloc- 
ity from the potential flow at points A and 33 (fig. 6); 
the mean value multiplied by the distance AB gives a meas- 
ure for the sources which must be present . between stagna- 
tion point S and point AB. The differentiation of the 
curves affords the desired source - sink distribution in 
first approximation (fig. 7) , and from this source dis- 
t ribut ion the tangential velocity component in the r ear 
stagnation point can b:e established. Next, the original 
circulation is reduced until this velocity: component is 
made to disappear. The result is a reduction of lift. 

.Having proceeded from the theoretical ( i, e. , abnormal- 
ly great) pressure distribution, the lift reduction will 
be excessive. A second approximation can be made by re- 
peating the process for the reduced circulation* and it 
may be repeated until the convergence is satisfactory. 
When diminishing the circulation of a wing with constant 
angle of attack, flow around the trailing edge must be 
permitted. Hereby the Velocities resulting in the vicini- 
ty of the trailing edge become paradoxial because at the 
trailing edge itself the flow around it induces an infi- 
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nito velocity* It would "become necessary to make plausible, 
albeit arbitrary , assumptions f or this zone. On the other 
hand, the entire, very complicated calculation method must 
be repeated several times for approximations. 

Now it is quite- natural to effect the circulation de- 
crease by lowering- the angle of attack for a passably chosen 
amount; this removes- the difficulty due to the flow around 
the trailing edge. The question remains as to how much the 
v-elo city and pressure distributions are at variance with 
these two methods • The full-drawn curve in figure 8 is the 
normal velocity distribution for 0° angle of attack, the 
dashed curve is the velocity distribution obtained when 
the same circulation strength is forced on the wing with a 
4° angle of attack by flow around the trailing edge. Ef- 
fecting the- circulation decrease through angle-of-attack 
changes, the next approximations can be interpolated from 
different angle- of ^attack values (-4°, -2°, CT , 2°, 4°, 6°) 
for the circulation decrease. 

The result is illustrated in figure 9. The" circles 
are experimental figure's reduced from wind-tunnel tests; 
the X crosses denote the first, the 4- crosses the 
fifth approach. From the point of view of the Reynolds * 
Numbers the calculated figured are slightly too low. . 

The present article is principally a preliminary re-, 
port, of an investigation which is still under way; the 
cited calculation method still needs improvement and pol- 
ish. More exact knowledge about the location of the tran- 
sition point is needed, as well as about any eventual ef- 
fect of the Reynolds lumber * on the turbulent friction 
layer. 

The uncertainty at present is probably the prime 
reason for the still not quite satisfactory accord between 
theory and test. The method for defining the laminar 
friction layer is also in need of substantial simplifica- 
tion (say, perhaps, according to G-ruschwit z 1 s method) . 
A study of all these problems is under way. 

The further extension of the method includes: 

Determination of profile drag.- The source-sink dis- 
tribution affords information about the wake; applying 
Bet z 1 s momentum method ( reference 6), time determination 
of the profile drag will be attempted. This would supply 
the connection between drag and lift reduction* 
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Penetrat ion in zones of the separating and separated 
flow, which renders the calculation of the total polar s 
of a wing possible. Of special interest is the investi- 
gation of the effect of Reynolds lumbers, particularly 
the high numbers , on the polar s (maximum lift) ~ a study 
which, experimentally, would involve great expense* 



Translation by J. Tanier , 
National Advisory Committee 
for Aeronautics* 



RSFEEEFCSS 



1. Betz, A.: Unt er suchung einer Schukowskyschen frag- 

flaehe. Z.T.H. , vol. VI, 1915, p. 173. 

2. Wieselsberger , C: Die wiehtigsten Ergebnisse der 

Tragf lugeltheorio und ibre Prufung durch den Tersuch* 
Yort rage aus dem Oebiet der Hydro- und Aerodynamik 
(Innsbruck 1922).- J* Springer, Berlin, 1924, p. 47. 

3. Gruschv/itz, S.i Die turbulente Beibungsschicht in eben- 

or Strornung bei Druckabf all und Druckanst leg. 
ing.-Arch/, vol* II, 1931, p. 321. 

Gruschwitz, The Process of Separation in the Turbu- 

lent Friction Layer* T.H. ilo. 699, 2J.A. C.A. , 1933. 

4. Betz, A. » and Lotz , J. ; Reduction of Wing Lift by the 

Drag. T.M. .So. 681, I.A.C.A. , 1932. 

5. Pohlhausen, K.: Zur Integration dor Dif f erentialgloich- 

ung der laminar en Grenzschicht . Z.f.a.M.M*, vol. I, 
August 1921, p. 252. 

6. Betz, A.: A Method for the Direct Determination of Wing- 

Section Drag. T.M. Ho. 337, H.A.C-A,, 1925. 



U.A,C.A. Technical Memorandum So, 781 Figs 




0 ,04 .08 .12 .16 



Figure l.~ Laminar friction layer ? directional field, x= 

development of profile, r)~ criterion of friction 

layer thickness (iv - ^2 * ^) * The figures denote the 

directions of (d-q/dx) . 
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Figure 2,- Location of transition point from laminar to 
turbulent flow, suction side. 
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?igure 3.- Location of transition point from laminar to 
turbulent flow, pressure side, 
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Figure 4— Graph of turbulent friction layer. 
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Figs. 5, 
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Figure 5.- Airfoil with displacement thickness 
curve , 
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Figure 6.- Circle with new contour. 
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Figure 8.- Velocity distribution. 
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Figure 9.- Theoretical versus experimental lift, 



